Hexagonal boron nitride (hBN) is an emerging material for the exploration of new physics in two-dimensional (2D) systems that are complementary to graphene. Nanotubes with a diameter ($60 nm) that is much larger than the exciton binding energy in hBN have been synthesized and utilized to probe the fundamental optical transitions and the temperature dependence of the energy bandgap of the corresponding 2D hBN sheets. An excitonic transition at 5.901 eV and its longitudinal optical phonon replica at 5.735 eV were observed. The excitonic emission line is blue shifted by about 130 meV with respect to that in hBN bulk crystals due to the effects of reduced dimensionality. The temperature evolution of the excitonic emission line measured from 300 to 800 K revealed that the temperature coefficient of the energy bandgap of hBN nanotubes with large diameters (or equivalently hBN sheets) is about 0.43 meV/ 0 K, which is a factor of about 5 times smaller than the theoretically predicted value for the transitions between the p and p* bands in hBN bulk crystals and 6 times smaller than the measured value in AlN epilayers with a comparable energy bandgap. The observed weaker temperature dependence of the bandgap than those in 3D hBN and AlN is a consequence of the effects of reduced dimensionality in layer-structured hBN. 
Temperature dependence of the energy bandgap of two-dimensional hexagonal boron nitride probed by excitonic photoluminescence
I. INTRODUCTION
The synthesis, properties, and device applications of layerstructured hexagonal boron nitride (hBN) have come under intense investigation in recent years. Due to its wide bandgap ($6 eV) [1] [2] [3] [4] and high emission efficiency, 5 hBN has a significant potential for deep ultraviolet (DUV) photonic device applications. Additionally, the high neutron capture crosssection of the isotope boron-10 makes hBN a unique material for neutron detector applications. 6 Due to its similar in-plane lattice constant to graphene and chemical inertness and resistance to oxidation, hBN is also considered as an ideal material for the exploration of van der Waals heterostructures made layer by layer between hBN/graphene related materials with new physics and applications. 7, 8 A recent theoretical study has also suggested that quasi free-standing silicene can be realized in a superlattice structure with hBN. 9 Consequently, the full understanding of the optical properties of hBN is necessary for the design and applications of devices based on hBN and its related heterostructures.
While the potentials of hBN for active DUV photonic, [10] [11] [12] [13] [14] neutron detector, 6 and electron emitter 15 device applications are being explored, experimental data on fundamental optical transitions in two-dimensional (2D) hBN sheets and one-dimensional (1D) nanotubes are scarce. The band edge emission spectra of the three-dimensional (3D) hBN bulk crystals are generally known to be dominated by two series of bands; four sharp Frenkel class exciton levels labeled as the S-series bands [16] [17] [18] and another relatively broader lines labeled as the D-series bands. 16, 17 A previous optical absorption measurement performed on hBN revealed a very small temperature coefficient of less than 4 Â 10 À5 eV/ 0 K for the bandgap of hBN. 19 This abnormally low value was explained theoretically by the absence of the two center boron-nitrogen terms in the expression for the gap due to the special symmetry of the p-point in the hexagonal Brillouin zone. 19 At the same time, the theory predicated a much higher temperature coefficient of $2.1 meV/ 0 K for the transitions between the p and p* bands. 19 More recent theoretical works indicated that the selection rules only allow the transitions between the p and p* bands in hBN.
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However, there have not been experimental works performed on the temperature dependence of the excitonic emission peaks in hBN in either 3D, 2D, or 1D form in a large temperature range. This is due partly to the fact that the fine features of the S-series excitonic bands tend to vanish at high temperatures owing to the co-existence of the D-series emission lines. 16, 17 It was speculated that the observation of the S-series excitonic emission bands is associated with a more perfect crystalline structure, while the D-series emission bands may be associated with a crystalline structure that deviates (or deformed) from the perfect stacking sequence. 12, 16 As a result, the temperature dependencies of the band edge transitions and of the bandgap of hBN are not clear so far, despite the fact that these dependencies are fundamentally important for a semiconductor material system in the development stage.
The optical absorption spectra of hBN in 3D, 2D, and 1D forms have been calculated, 3 which revealed that the optical properties of hBN nanotubes with diameters exceeding the exciton binding energy in hBN (>10 Å ) are the same as those of the 2D hBN sheets. We report here on the synthesizing and variable temperature (10- $60 nm. The low temperature PL spectra of 2D hBN exhibit two dominant emission lines at 5.901 eV and 5.735 eV, which have not been previously observed. Based on the similar decay characteristics, the 5.735 eV emission line can be attributed to the longitudinal optical (LO) phonon replica of the 5.901 eV line. The main peak at 5.901 eV is blue shifted with respect to the lowest exciton level in hBN bulk crystals. It is thus most plausible that the observed main emission peak at 5.901 eV is due to the exciton recombination and the blue shift is associated with effects of reduced dimensionality. From the dependence of the excitonic emission peak measured from 300 K to 800 K, we extract the temperature coefficient (a) of the energy gap of hBN nanotubes with a large diameter (or equivalently hBN sheets) is about 0.43 meV/ 0 K, which is about 5 times smaller than the theoretically predicted value of $2.1 meV/ 0 K for the transitions between the p and p* bands in 3D hBN. 19 
II. EXPERIMENT
Multi-walled hBN nanotubes were synthesized by chemically etching high purity pyrolytic boron nitride (pBN) in molten alkali salts, resulting in nanotubes densely covering and attached to the pBN surface. At first, high purity pBN, the starting material for the nanotubes formation, was prepared by polishing its surface by hand until it became shiny. Next, the pBN was etched at 425 C in an equimolar mixture of molten sodium hydroxide and potassium hydroxide for 10 min. The sample was then rinsed in water to remove any residual etchant. Scanning electron microscope (SEM) imaging has been performed at a voltage of 5 kV to evaluate the size and morphology of resulting BN nanotubes (Figure 1) . The diameter and length of the hBN nanotubes are approximately 60 nm and 5 lm, respectively. The hBN nanotubes are grown randomly, but mostly within the plane. The diameters of these hBN nanotubes also appear quite uniform. Based on the size of these nanotubes, the measured optical properties will represent those of 2D hBN sheets. 3 Bulk crystals of hBN employed in this study were grown at ambient pressure by the flux method using a nickel (Ni) and chromium (Cr) solvent mixture. High purity hBN powder and nitrogen gas were used as B and N sources. The source materials were soaked at 1525 C for 6 h and then followed by subsequent cooling at a slow rate of 4 C/h until solvent solidification. A slow cooling rate was employed to insure the precipitation of high quality crystals. A detailed description of hBN crystal growth was discussed elsewhere. 20 For PL measurements, a frequency-quadruped Ti-sapphire laser (with lasing wavelength of 197 nm, 76 MHz repetition rate, 100 fs pulse width, and average optical power of about 1 mW) was used as an excitation source. The laser beam was focused onto the sample surface by a lens. The PL signal was collected and dispersed by a monochromator (1.3 m) and then detected by a microchannel-plate photomultiplier tube together with a single photon-counting system providing a time-resolution of about 20 ps. transition peak (E p ): (i) the excitonic binding energy tends to increase from 0.7 eV in 3D to 2.1 eV in 2D and 3.0 eV in 1D, which decreases E p , and (ii) the quasi-particle energy gap will increase by almost the same order of magnitude, which increases E p . As a result, the position of the first excitonic peak is almost independent of the nanotube radius and system dimensionality. 3 However, the calculation results clearly revealed a blue shift by an amount of about 170 meV for the exciton transition in hBN single sheets (or hBN nanotubes with large diameters) with respect to that in hBN bulk crystals. Therefore, the experimentally observed blue shift of 130 meV here appears to be within a reasonably range of deviation from the calculated value of 170 meV. 3 We thus assign the 5.901 eV line to the excitonic transition in hBN sheet. Although these emission lines in hBN nanotubes are broader than the exciton emission lines in the bulk crystals, the observation of the excitonic transitions in hBN nanotubes (or sheets) may be an indicative of the realization of hBN nanotubes/sheets with higher crystalline quality and purity than previous attainments. [22] [23] [24] [25] The spectral broadening could be attributed to fact that these nanotubes are multi-walled tubes so that the corresponding 2D hBN sheets are multiple sheets in which the B and N atoms are not necessarily perfectly aligned between the rolled sheets. Figure 3 shows the PL decay characteristics of the emission lines at 5.901 eV and 5.735 eV in hBN nanotubes measured at T ¼ 10 K. The decay kinetics of both lines follows two-exponential decay function
where I t ð Þ is the emission intensity at decay time t, s 1 and s 2 are the characteristic decay lifetimes of the fast and slow components, respectively, and I 1 and I 2 are the initial peak intensities related to the fast and slow components, respectively, at t ¼ 0. The decay characteristics of both emission peaks at 5.901 eV and 5.735 eV exhibit almost identical behaviors: the PL decay process is characterized by two-exponential decay with lifetimes s 1 $ 0.14 ns and s 2 $ 1.2 ns. This indicates that these two transitions share the same origin. The energy separation between these two emission peaks is 166 meV, which is very close the LO phonon energy of 169 meV in hBN. 26 The LO phonon energy in hBN tends to decrease with lowering the dimensions. 27 Thus, the 166 meV energy difference between the 5.901 eV and 5.735 eV transition peaks is most probable the energy of the LO phonon in hBN nanotubes with large diameters or sheets. This means that the later is the 1LO phonon replica of the former. The observed similar decay characteristics of these two emission lines further corroborates this assignment.
The temperature evolution of the PL spectra of the hBN nanotubes from 10 K to 800 K is shown in Fig. 4 . Each spectrum has been shifted vertically for clarity. The temperature dependent PL energy peak position (E p ), which is at 5.901 eV at 10 K, as well as the related PL intensity have been extracted from the temperature evolution of the spectra and plotted in Figs 28 At high temperatures, the temperature dependence of the excitonic transition peak can be simply written as
where the value of a represents the slope of E g versus temperature at high temperatures. The slope of E g versus temperature at high temperatures measured directly from the data between 300 K and 800 K is about 0.43 meV/ 0 K. The measured slope of E g versus temperature is about a factor of 5 times smaller than the theory predication of $2.1 meV/ 0 K for the transitions between the p and p* bands in 3D hBN. 19 It is also interesting to compare the temperature coefficient of hBN sheets with that of AlN with a comparable energy gap. The measured slope of E g versus temperature is about 6 times smaller (or equivalently the bandgap of hBN nanotubes with large diameters or hBN sheets decreases with temperature 6 times slower) compared to a value of 2.4 meV/K for AlN epilayers. 29 The temperature coefficients of hBN in 2D or 1D form have not been calculated. However, to the first order, the energy bandgap of hBN single sheets is primarily determined by the energy difference between electron localized on B and N atoms. 30 It is reasonable to speculate that the temperature dependence of this energy difference is weaker than those of the energy bandgap of a conventional semiconductor in 3D form. Figure 5(b) shows that the PL intensity also decreases with temperature increasing. An activation energy of 257 meV can be extracted from the temperature dependence of the PL emission intensity. However, the physical origin of this activation behavior is not clear at this stage.
IV. CONCLUSION
In summary, hBN nanotubes with a large diameter ($60 nm) have been synthesized and utilized to probe the fundamental optical transitions and the temperature dependence of the energy bandgap of 2D hBN sheets. Due to the combination of the reduced dimensionality effects on the quasi-particle energy gap as well as on the exciton binding energy, the excitonic transition peak was blue shifted by an amount of about 130 meV with respected to that in hBN bulk crystals. Furthermore, due to the absence of the D-series emission lines, the hBN nanotube material system also provides the opportunity to monitor the temperature dependencies of the band edge transitions and of the bandgap of the 2D hBN sheets. The temperature evolution of the excitonic transition line has been probed and revealed that the bandgap energy of hBN nanotubes with large diameters (or equivalently of hBN sheets) decreases with an increase in temperature with a slope of $0.43 meV/ 0 K. This temperature coefficient is a factor of about 5 times smaller than the theoretically predicted value for the transitions between the p and p* bands in 3D hBN and 6 times smaller than the measured value in 3D AlN with a comparable energy bandgap. The observed weaker temperature dependence of the bandgap than those in 3D hBN and AlN is believed to be a consequence of the effects of reduced dimensionality in layer-structured hBN.
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